Effects of Initial Thermal Structure on the Evolution of Continental Rifting by Wernle, Alexandra
Central Washington University
ScholarWorks@CWU
All Master's Theses Master's Theses
Spring 2019
Effects of Initial Thermal Structure on the
Evolution of Continental Rifting
Alexandra Wernle
wernlea@cwu.edu
Follow this and additional works at: https://digitalcommons.cwu.edu/etd
Part of the Tectonics and Structure Commons
This Thesis is brought to you for free and open access by the Master's Theses at ScholarWorks@CWU. It has been accepted for inclusion in All Master's
Theses by an authorized administrator of ScholarWorks@CWU. For more information, please contact scholarworks@cwu.edu.
Recommended Citation
Wernle, Alexandra, "Effects of Initial Thermal Structure on the Evolution of Continental Rifting" (2019). All Master's Theses. 1193.
https://digitalcommons.cwu.edu/etd/1193
 EFFECTS OF INITIAL THERMAL STRUCTURE ON THE EVOLUTION OF 
CONTINENTAL RIFTING 
 
 
 
 
 
 
A Thesis 
Presented to 
The Graduate Faculty 
Central Washington University 
 
 
 
 
 
 
In Partial Fulfillment 
 
of the Requirements for the Degree 
             Master of Science  
           Geological Sciences 
 
 
 
 
 
by 
 
Alexandra Wernlé 
May 2019
ii 
 
CENTRAL WASHINGTON UNIVERSITY 
 
Graduate Studies 
 
 
 
We hereby approve the thesis of 
 
 
Alexandra Wernlé 
 
Candidate for the degree of Master of Science 
 
 
APPROVED FOR THE GRADUATE FACULTY 
 
 
 
      Dr. Audrey Huerta, Committee Chair 
 
 
 
      Dr. Paul Winberry 
 
 
 
          Dr. Walter Szeliga 
 
 
 
                                                                   Dean of Graduate Studies 
 
 
 
 
 
iii 
 
 
ABSTRACT 
 
EFFECTS OF INITIAL THERMAL STRUCTURE ON THE EVOLUTION OF 
CONTINENTAL RIFTING 
by 
 
Alexandra Wernlé 
May 2019 
 
Continental rifting is a fundamental earth process that displays a wide variety of styles 
ranging from narrow to wide, symmetric and asymmetric, magmatic and amagmatic. The key 
conditions and processes that control the evolution of rifts remain enigmatic. Previous research 
suggests that the initial thermal structure may have a first order control on the evolving styles 
of these systems. This project examines the impact of the initial thermal structure on the spatial 
and temporal evolution of continental rifts using finite element thermo-mechanical modeling.  
The initial thermal structure is a product of crustal heat production rates and heat 
conducted from the asthenosphere (lithospheric thickness); therefore, we explore the impact of 
varying crustal heat production rates from 0.75 to 2.25 µw/m3, and lithospheric thicknesses of 
100 to 200 km. The model captures continental lithospheric crust and mantle with an orogenic 
welt of over-thickened crust. The modeled strength, strain field, and thermal structure evolve in 
response to initial conditions using an iterative time-stepping algorithm. The model results 
display distinct styles of continental rifting. 
Simulations with initially cold temperatures at the base of the orogenic crustal welt 
result in narrow rifts. Simulations with initially cooler temperatures at the base of the crustal 
iv 
 
welt result in symmetric rift geometries, while simulations with initially higher basal crust 
temperatures deform asymmetrically. Simulations with more asthenospheric contribution to 
basal crust temperatures evolve as wider rifts, whereas simulations with more crustal 
contribution evolve as less wide rifts.  
 Thus, our results show that the initial thermal structure has a first-order control 
on the symmetry of rifting, on wide versus narrow extension styles, and the width of the 
rift zone. Models compare favorably to real rift systems such as the Red Sea Rift and the 
West Antarctic Rift System, verifying the application of the models.  
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CHAPTER I 
INTRODUCTION  
Rifting is a large-scale tectonic process that occurs in regions where the 
lithosphere undergoes extensional deformation. Commonly, rifting starts in areas of 
weaknesses such as reactivated suture zones, or areas of thickened crust, created during 
plate tectonic processes (Wilson, 1966). Margins of rifted regions display significant 
variations in architecture, volcanism, and sedimentation, suggesting variations in the 
relative role of different processes or conditions in these regions.  
Previous studies recognize four end-member styles of rifting: Wide and narrow 
rifts (England, 1983; as cited in Buck, 1991), symmetric and asymmetric rifts (Huismans 
and Beaumont, 2003), as well as rift systems that evolve between these styles. Classic 
examples of the narrow style include the East African Rift System (Ebinger et al., 1989), 
the Baikal Rift (Zorin, 1981), and the Rio Grande Rift (Morgan et al., 1986). The Basin 
and Range is an example of wide rifting (Hamilton, 1987), and the West Antarctic Rift 
System is an example of a system evolving from a wide to a narrow style of rifting 
(Huerta and Harry, 2007). For every rift system, extension always occurs in the weakest 
column of the lithosphere at a given time. For example, it has long been recognized that 
narrow rifting is characterized by a strong system in which the same location remains the 
weakest throughout the evolution of the rift (England, 1983; Kusznir and Park, 1987; as 
cited in Buck, 1991). On the other hand, wide rifting occurs in weaker systems where the 
locus of extension continually shifts until break-up (Figure 1). A rift system may 
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transition between these wide and narrow rifting styles due to changes in the evolving 
strength of the lithosphere. Rift systems may also be classified by their symmetry; 
Asymmetric rifts occur when lithospheric extension is unequally distributed along the 
margins, whereas symmetric rifts form with well-distributed, centralized extension. These 
distinct rifting styles result from the strength of the lithosphere, and because the strength 
of the lithosphere is dominated by the initial thermal structure (Huerta and Harry, 2007, 
Buck, 1991), we investigate how the initial thermal structure controls rifting style 
evolution.  
 
Figure 1. Wide and narrow rifting modes and their initial model geotherms, yield 
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strengths, and effective viscosities (Buck 1991). 
 
Objectives 
This study will use numerical modeling of continental rifting to explore the 
controls on the evolution of rift systems, specifically the key processes and conditions 
that lead to wide and narrow, symmetric and asymmetric rift modes. To accomplish this, 
we will use dynamic finite element thermo-mechanical modeling to simulate extension 
under a constrained set of initial and boundary conditions (Huerta and Harry, 2007). We 
find that the initial temperature at the base of the crust in the center of the orogenic welt 
(Tci) predicts narrow styles, symmetric and asymmetric styles, and that the source of the 
heat contribution controls how wide the system is. 
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CHAPTER II 
BACKGROUND 
Styles of Rifting: Observed geometries and modeled processes 
Narrow Mode Rifting 
Narrow rifting styles have been observed in classic examples such as the 
Rhinegraben, the Gulf of Suez, the Northern Red Sea, the East African Rift, the Baikal 
Rift, and the Rio Grande Rift (Ebinger et al., 1989;	  Zorin, 1981;	  Morgan et al., 1986). 
Narrow mode rifting is defined as the localization of lithospheric thinning during the 
rifting stage, also known as necking. Narrow rifting is characterized by a strong system in 
which the same location remains the weakest throughout the evolution of the rift 
(England, 1983; Kusznir and Park, 1987; as cited in Buck, 1991). The strength of the 
continental lithosphere for the narrow rift mode exhibits a strong crust and mantle with a 
thin section of ductile lower crust, also known as the jelly sandwich strength model 
(Burov and Diament, 1995; as cited in Burov and Watts, 2006).	  
Key modeled processes that form narrow rifts are: Mechanical weakening of the 
lithosphere due to thinning of the lithosphere, faults and ductile shear zones (Zuber and 
Parmentier, 1986; as cited in Brune et al., 2016), and rift-related melting generating dikes 
which also weaken the thermal and mechanical lithosphere (Buck, 2007; as cited in 
Brune et al., 2016). The localized thinning of the lithosphere causes the advection of heat 
upwards to be faster than thermal diffusion (Buck, 1999), and as a result, the thinned area 
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remains the weakest area, and concentrates extension (England, 1983; Kusznir and Park, 
1987; as cited in Buck, 1991).  
	  
Wide Mode Rifting	  
Wide rifting styles are also globally observed in examples such as the Basin and 
Range and the Aegean Sea (Hamilton, 1987). Wide rifting is defined as a delocalized 
mode, or crustal thinning and extension migrates through time, and commonly occurs in 
orogenic regions of thicker than normal crust (Hamilton, 1987; as cited in Buck, 1991). 
Wide rifting occurs in weaker systems where the locus of extension continually shifts 
until break-up (Buck, 1991). The strength of the continental lithosphere for wide rift 
modes exhibits a strong crust and a uniformly weak mantle, also known as the crème-
brûlée strength model (Jackson, 2002; as cited in Burov and Watts, 2006).	  
Modeled processes show that the thinning of the crust makes that location 
stronger and thus cooler, which causes the strain to migrate to another locality (Buck, 
1991). This mechanism is often associated with thick crust and high heat flow, and thus 
an initially weak and ductile lithosphere. The ductile flow allows the thick crust to spread 
out, leaving cooler stronger crust (Buck, 1991).  
 
Symmetric and Asymmetric Modes of Rifting 
Symmetric and asymmetric rifts have been identified in nature; including the 
symmetric South China Sea and the asymmetric Tasmania Divergence Zone (TDZ) of the 
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East African Rift System (Clift and Lin, 2001; Franke et al., 2014; Clift et al., 2002; Lin 
et al., 2004; as cited in Brune et al., 2016; Ring, 2014). Symmetric and asymmetric rifting 
styles have been incorporated into modern terminology and are classified by the 
symmetry of extension during rifting (Huismans and Beaumont, 2003). We also define 
the symmetry of our models based on the symmetry of the extending lithosphere. For 
example, if the amount of crustal extension on both sides of a rift is equal, it is a 
symmetric rift. If one side of a rift has been hyperextended relative to the other, it is 
considered an asymmetric rift. Although these rifting styles characterize the symmetry of 
extension, the primary mode of extension is wide and therefore the same modeled 
processes apply. Tetreault and Buiter’s [2018] study did find that 1) ultraslow extension 
rates create symmetric margins, 2) intermediate to high extension rates create crust-
mantle decoupling and produce wide, asymmetric margins. 
 
Transition from Wide to Narrow	  
Rifting regions may evolve between styles of rifting, for example, the transition 
from a wide to a narrow style of rifting has been observed in the West Antarctic Rift 
System. The transition between the modeled processes of a localized to a delocalized 
mode of rifting may be controlled by the thermal regime. Huerta and Harry [2007] 
suggest thermal weakness near rift edges is a key factor in shifting the locus of extension 
from wide to narrow rifts. They found that the cooling and strengthening of the 
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lithosphere leads to a transition from a wide mode of extension to a narrow mode of 
extension. 
 
Insight from Models: Key parameters controlling rift evolution 
Brief Overview 
Rifting is a complex process that results from deep, dynamic crust and mantle 
processes that the scientific community has limited ability to geologically sample. 
Therefore, an optimal method for studying rifts are analogue and numerical modeling 
methods that enable us to explore key conditions and processes controlling rifting 
evolution in combination with geologic observations at rift margins.  
 Analogue models have been used to analyze lithospheric processes with multi-
layer materials to simulate crustal thinning, isostatic adjustment, asymmetric rifts and 
more (Corti and Manetti 2006; Corti, 2008; Agostini et al., 2009; Autin et al., 2010,2013; 
Cappelletti et al., 2013; Corti et al., 2013; Nestola et al., 2013, 2015; as cited in Brune et 
al., 2016). However, these simplified laboratory models are not sufficient to capture the 
regional-scale, long-term evolution of the rheology, thermal structure and architecture of 
rift margins.  
 Numerical modeling techniques are able to account for more complex systems 
including the evolving thermal structure and stress-dependent viscosity. This allows 
numerical models to produce a more complete picture of an evolving lithosphere. Two-
dimensional and more recently three-dimensional numerical modeling has become the 
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primary investigative tool for studying rifting processes; the following section will 
discuss key parameters in more detail. 
 
Extensional Velocity 
Buck [1991] looked at estimated conditions for a variety of observed narrow and 
wide rift systems using geologic and geophysical data (Table 1). He found no significant 
difference between extensional velocities for different rifting styles, except for the 
Aegean Sea area that is anomalously high.  
Tetreault and Buiter [2018] characterized different rifting styles in their study on 
the effects of extensional velocities on the evolution of passive margins. They found that 
total extension rates for observed continental rifts range from 1-20 km/my, with slow 
rates in the Rio Grande Rift (.2-1.2 km/my) and fast rates in the Afar Rift (<20 km/my). 
They modeled the interplay between extension rates and rheology, and found that they 
are greatly related in passive margin evolution. Their results show: 1) ultraslow extension 
rates (2 km/my) create symmetric margins, 2) intermediate to high extension rates (10-50 
km/my) create crust-mantle decoupling and produce wide, asymmetric margins, 3) fast 
extension rates (30-50 km/my) lead to narrow margins when the crust and mantle are 
coupled, 4) and that medium-fast (20 km/my) extension rates with ductile lower crust 
forms rift jumping styles. 
Table 1. Estimated parameters for extended regions using geological data ((8)Eaton, 
1963; (9)Lachenbruch and Sass, 1978; (10)Eddington et al., 1987; (11)Makris, 1978; 
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(12)Jongsma, 1974; (13)Jackson and McKenzie, 1988; (14)Morgan et al., 1985; 
(15)Morgan, 1982; (16) Buck [1991] assumes less than the total Basin and Range 
extension rate; (17)Makris et al., 1981; (18)Joffe and Gaffunkel, 1987; (19)Ebinger et al., 
1989; (20)Iilies and Greinier, 1978; (21)Zorin, 1981; as cited in and modified from Buck, 
1991). 
 
 
 
 
Crustal Rheology 
Crustal rheology plays a crucial role on the formation in numerical models of 
wide versus narrow rifting (Buck, 1991). Brune et al [2016] used a model setup of 
distinct material layers based on geologic observations. They used a felsic upper crustal 
layer and a mafic lower crust. They found that strong, cold crust supports crust/mantle 
coupling and the formation of narrow rifts, and that hot, weak crust supports decoupling 
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between the crust/mantle boundary and the formation of wide rifts. Therefore, different 
rheologies can produce different rifting styles. 
 
Sedimentation Rate 
Bialas and Buck [2009] suggest that low sedimentation rates may increase the 
time in the wide rift mode because crustal thinning migrates from the central part of the 
plateau structure towards the edges. Low sedimentation rates may lead to the rift edges 
being starved in sedimentation while the center of thinning accumulates sediment. 
Therefore, the central areas of the rift can have depressed isotherms leading to cooler and 
stronger crust, while the zone of active rifting becomes focused at the two plateau edges 
that remain hot and weak. The center and edges of the thinned area in a rift plateau 
instead have depressed isotherms when the model transitions to narrow rifting.  
 
Thermal Structure 
Buck [1991] noted that the thermal regime plays a critical role in the mode of 
extension and is highly affected by the heat flow and crustal thicknesses. The estimated 
heat flow for wide rift modes is around 90 mW/ 𝑚2, which is significantly higher than 
narrow rift modes (40-70 mW/𝑚2) (Table 1). The estimated crustal thicknesses are also 
less than 50 km for both wide and narrow rift modes (Table 1).  
Huerta and Harry [2007] suggest thermal weakness near rift edges is a key factor 
controlling the mode of extension. In their models, the lithosphere cools and strengthens 
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because of thinning of the upper crust and a corresponding reduction of heat being 
generated by the crust. Therefore, diffused/wide extension may transition to narrow 
extension because of cooling the upper mantle/lower crust under constant regional 
extension rates.  
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CHAPTER III 
METHODOLOGY 
Restatement of Topic 
Since there is a growing body of literature indicating the thermal structure 
plays a primary role in the strength of the lithosphere and of rifting evolution, this study 
will focus on the impact that the initial thermal structure has on the evolution of 
continental rifting. Because the initial thermal structure of the lithosphere is determined 
by two factors (heat produced in the crust and conducted from the asthenosphere), we 
will focus on the effect of the crustal heat production, and the thickness of the 
lithospheric mantle in a simplified finite element model (Figure 2).  
 
Model Explanation 
How the Model Works 
We use a two-dimensional, finite element model representing a two-layer 
lithosphere composed of quadrilateral elements (Figure 2). The model is originally 
known as Strch92, a Langrarian finite element model written using FORTRAN by Harry 
and Grendell (Rice University), and further developed by Dunbar and Sawyer [1989]; 
therefore, we use their discussion of methods and Huerta and Harry [2007] as a primary 
reference. The dynamic model's strength, strain field, and thermal structure evolve in 
response to boundary conditions using an iterative time-stepping algorithm. The 
algorithm first solves for the strain rate and effective viscosity using the Navier-Stokes 
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equation for a nonlinear visco-plastic medium. At the next time step, each element 
deforms according to the weaker of either a pressure dependent brittle failure criterion or 
by power-law ductile creep (Equations in Table 2). Elements typically deform according 
to the yield criterion for brittle failure at lower temperatures with high differential stress 
(Byerlee, 1968). Elements fail according to the criterion for ductile-creep at higher 
temperature conditions and deform viscously in a non-Newtonian style. Our model does 
not deform by discrete faulting; however, it is approximated using continuous ideal 
plastic deformation. Ideal plastic deformation allows slip to occur in all directions instead 
of the strength being limited along a fault surface. After the strain is calculated for each 
element, the transient heat equation is solved to account for the thermal effects of 
conduction, convection, and advection by solving for temperature throughout the model 
at the next time step. The resulting model calculates the spatial and temporal evolution of 
a deforming lithosphere. 
 
Model Geometry, Initial and Boundary Conditions 
The model captures a two-layer lithosphere of crust and lithospheric mantle 
with an orogenic welt geometry of over-thickened crust (Figure 2-Initial geometry). The 
non-welt portion of the crust is 30 km thick, whereas the welt is 42 km thick. The length 
of the modeled lithosphere is 1000 km, and the length of the crustal welt is 340 km.  
The initial model setup of a two-layer lithosphere begins in thermal steady-state with heat 
production within the crust, and boundary conditions of 0° C at the top, and  
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Figure 2. Initial model setup showing the initial geometry of lithosphere, the initial 
thermal structure, the initial mechanical structure, and the integrated strength. 
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1300° C at the bottom (Figure 2-Initial temperature). The 1300°C boundary condition is 
meant to simulate heat from the asthenosphere, assuming that a constant temperature of 
the asthenosphere is maintained by convectional mixing. On the sides of the model, an 
insulator boundary condition is applied (dt/dx = 0).  
The mechanical boundary conditions of Strch92 are constant horizontal extension 
rates on the sides, and vertical buoyancy forces. The buoyancy forces account for lateral 
density variations associated with changes in composition, temperature, crustal thickness, 
and basin fill. Regions of the model that drop below sea level during the model 
simulation are water loaded. 
The elemental grid is relatively coarse (800 elements); therefore more, smaller, 
elements are placed in regions that experience high strain. We use two material layers to 
represent the crust and the lithospheric mantle; the crustal rheology uses a diorite 
composition, while a dunite composition is applied to the lithospheric mantle (Table 2). 
We assume a crustal density of 2850 kg/m3 and a mantle density of 3300 kg/m3 (Table 2). 
We assume initial sea level height is level with the top of the non-welt lithosphere and 
that the mantle geoid height is 2.5 km less than the designated sea level. We assign a 
value of 1x10-15  (epsilon dot) for the initial strain rate throughout the lithosphere. 
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Table 2. Initial and explored (highlighted) parameters applied to the crust and mantle for 
the model setup. Equation for viscous rheology calculates ductile deformation and 
equation for plastic rheology calculates brittle deformation.  
 
 
Parameter Testing 
The intent of the modeling is to simulate the temporal and spatial evolution of 
rifting, and models with different initial thermal structures. Specifically, we change the 
initial thermal structure by varying two parameters: 
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1) Heat production rates within the crust 
2) Lithospheric and crustal thicknesses 
 The crust is a primary heat-producing source within the lithosphere as a result of 
its internal radiogenic heating from the decay of elements such as Uranium, Thorium, and 
Potassium. Measurements of average crustal heat production tend to average around ~ 
0.4-0.7 µw/m3 (Rudnick et al., 1998; Jaupart and Maraschael, 2003; Hasterock and 
Chapman, 2011) with measured values as anonymously high as ~4.6 µw/m3 in areas such 
as Southern Australia (McLaren et al., 2003). We will use crustal heat productions rates 
from as low as 0.75 µw/m3 to as high as 2.25 µw/m3. Heat production is distributed 
uniformly throughout the modeled crustal domain. 
 Thickness of continental lithospheres have been estimated to range from as much 
as 280 km to as little as 40 km using modeling of long-period surface waves (Pasyanos, 
2008). The lithospheric thickness has a critical impact on the geotherm; therefore, we will 
investigate the impact of lithospheric thicknesses from as low as 100 km to as high as 250 
km in increments of 25.  
The relative role of the initial crustal heat production rates versus lithospheric 
thicknesses on the thermal structure can be captured by a single parameter, the initial 
temperature at the base of the center of the crustal welt (Tci) (Figure 3). 
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Initial Conditions 
Our model begins in a steady state thermal structure with a constant thermal 
boundary condition of 1300° C at the bottom of the lithosphere, 0° C at the top of the 
crust, and heat produced within the crust. Thus, the initial thermal structure varies 
significantly depending on the initial lithosphere thickness and crustal heat production 
rate. Specifically, the initial geotherm in the center of the orogenic welt reflects the 
relative importance of the two sources of heat. Figure 3 shows two examples of initial 
geotherms from the center of the welt. The geotherm on the left is using a thick 
lithosphere and a high crustal heat production rate, while the geotherm on the right is 
using a thin lithosphere with a low crustal heat production rate. We can see that when 
using a crustal heat production rate greater than 0 (red line), the temperature at the base 
of the crust (Tci) increases. Therefore, the space between the blue and the red geotherm 
represents the crustal contribution the Tci. When using a thin lithosphere (right) versus a 
thick lithosphere (left), the Tci also increases. This increase is due to the asthenospheric 
contribution (blue arrow), which is greater when the asthenosphere is closer to the base of 
the crust. The Tci and the source of the heat contribution are crucial to the evolution of 
rifting styles. 
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Figure 3. Figure showing two examples of a steady-state geotherm in our model. The 
geotherm on the left is using a thick lithosphere and a high crustal heat production rate. 
The geotherm on the right is using a thin lithosphere with a low crustal heat production 
rate. The blue line represents a geotherm based on a crustal heat production rate of 0, 
while the red line represents the modeled geotherm based on the crustal heat production 
rate. 
The initial thermal structure consists of a warmer lower crust in the center of the 
welt (Figure 2-Initial temperature). The initial strength within the lithosphere is always 
weakest in the center of the welt, with a stronger upper mantle below the non-welt crust 
(Figure 2- Initial strength). The thick welt of the crust results in the weakest lithosphere 
in the center of the welt. This weakness is due to two factors:  
1) Weak lower crust replaces strong upper mantle 
2) Warmer and weaker crust in the welt versus the sides of the model domain 
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CHAPTER IV 
RESULTS 
Initial Thermal Structure: Control on rifting style 
To explore the impact of the initial thermal structure on the rifting evolution of 
continental lithosphere, we varied crustal heat production rates and initial lithospheric 
thicknesses from 0.75 µw/m3 to 2.25 µw/m3 and from 100 km to 250 km. After applying 
a constant velocity to the sides of the model domain, the simulations were allowed to 
evolve until the crustal thickness reached 8 km (simulating rupture). Figure 4 shows the 
final lithospheric geometry of 36 model runs that result from varying the initial thermal 
structure. The bottom x-axis represents the asthenospheric contribution to Tci and the y-
axis shows the crustal contribution to Tci. The top x-axis shows the lithospheric 
thicknesses associated with each asthenospheric contribution. The isopleths represent the 
initial temperature at the base of the crust in the center of the orogenic welt (Tci). We 
identify three primary styles of rifting; 1) Style 1 is narrow, 2) style 2 is wide, symmetric, 
and 3) style 3 is wide, asymmetric. The narrow styles are found only in regions of cool 
Tci (~<700° C), whereas wider styles are found at hotter Tci (~>700° C). The symmetric 
styles are consistently located in relatively cool Tci (~<750-800° C) and asymmetric is 
always located in regions with higher Tci (~>750° C).  
The source of heat contribution to the Tci has a primary control on the final widths 
of wide (symmetric, and asymmetric) rifting styles. Simulations with higher 
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asthenospheric contribution to the Tci result in a wider rifting geometry, while higher 
crustal contribution to the Tci result in a less wide rifting geometry.  
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Figure 4. Final rift architecture as a function of crustal contribution (crustal heat 
production rates) and asthenospheric contribution (lithospheric thickness) to the 
temperature at the base of crust. Bold isopleths represent boundaries for initial 
temperature at the base of the crust in the center of the orogenic welt (Tci). Crustal heat 
productions rates increase in the y-direction and are constant for each row of model runs. 
Lithospheric thicknesses are displayed on the top x-axis and are constant for each column 
of model runs. 
 
Processes Controlling Modes of Rifting 
To further understand the mechanisms controlling rift style, we investigate the 
evolution of the simulations focusing on the thermal structure and strength. Figures 5, 6, 
and 7 show the evolution of the three modeled rifting styles identified in Figure 4; 1) 
Style 1 is narrow, 2) style 2 is wide, symmetric, and 3) style 3 is wide, asymmetric. The 
displayed evolution of each style proceeds from initial to final conditions of the whole 
lithosphere and the details of the weakest column (where failure occurs) at key time 
steps. To further explore the impact of the evolving thermal structure, we track the 
temperature at the base of the crust of the weakest lithospheric column (Tc). We analyze 
the evolution in terms of the thermal structure, the geotherm at the weakest column, the 
lithospheric strength profile, the integrated strength profile, and the strength profile at the 
weakest lithospheric column (starred). The lithospheric strength profile shows the shear 
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strength and is calculated using Byerlee’s Law (Byerlee, 1968). The integrated strength 
profile is calculated by integrating the shear strength within each lithospheric column. 
 
Example of Narrow Rifting Style 
Figure 5 shows an example of our modeled narrow rifting style. At time 0 m.y. 
(Figure 5A), the initially thick lithosphere has a relatively cool thermal structure with a 
cool Tci of ~480° C. The strength profile shows that the cooler lithosphere produces a 
very strong crust and upper mantle, with only a thin layer of weak, ductile crust in the 
crustal welt. The integrated strength at the center of the crustal welt is ~37 TN/m. The 
strength profile at the weakest lithospheric column shows a jelly-sandwich model (Burov 
and Diament, 1995; as cited in Burov and Watts, 2006) with a weak ductile lower crust 
between a strong upper crust and upper mantle.	  
 From timesteps 7 to 11 m.y. (Figure 5B and C), the thick lithosphere continues to 
thin at the same, initially weak location at the center of the welt. As the lithosphere 
extends, the temperature at the base of the crust (Tc) decreases (~460° C), and the thin 
lithosphere weakens, with the integrated strength at the center of the welt reduced to ~18-
8.8 TN/m. The strength at the weakest lithospheric column shows weakening due to 
thinning, and less strong crust and upper mantle with more significant weakening of the 
upper mantle than the crust. 
By 15 m.y. (Figure 5D), rupture occurs in the same, initially weak lithospheric 
column. The Tc decreases to ~400° C, and the integrated strength at the center of the 
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crustal welt drops to ~2.5 TN/m. The strength profile at the weakest lithospheric column 
shows the loss of ductile lower crust, and the upper mantle and crust become completely 
coupled. 
Overall, narrow rifting proceeds by continued failure of the central lithospheric 
column, which remains the weakest column of the lithosphere. The crust and upper 
mantle weaken as the lithosphere extends and the Tc decreases until they become 
completely coupled at rupture. 
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Figure 5. Figure showing the evolution of the narrow rifting style identified in Figure 4. 
The evolution proceeds from initial to final conditions in terms of the thermal structure, 
the geotherm, the integrated strength profile, the lithospheric strength profile, and the 
strength profile at the weakest lithospheric column. The star on the integrated strength 
profile indicates the location of the weakest lithospheric column, and also where the 
geotherm and the strength at the weakest lithospheric column profiles are sampled. The 
Tci (and Tc) show the temperature at the base of the crust in the center of the crustal welt 
at the weakest lithospheric column. 
 
Example of Wide, Symmetric Rifting Style 
Figure 6 shows an example of our modeled wide, symmetric rifting style. At time 
0 m.y. (Figure 6A), the initially thin lithosphere has a hot thermal structure with a warmer 
Tci of ~820° C. The strength profile shows that the hotter lithosphere produces a weak 
lower crust and mantle, with a 20 km thick layer of ductile crust in the crustal welt. The 
integrated strength at the center of the crustal welt is ~3.2 TN/m, which is significantly 
weak compared to the narrow rifting style. The strength profile at the weakest 
lithospheric profile shows a crème-brulee strength model (Jackson, 2002; as cited in 
Burov and Watts, 2006) with a decoupled, strong upper crust, a thick and ductile lower 
crust, and a very weak mantle.	  
 At 9 m.y. (Figure 6B), the thinned lithosphere extends in a diffuse manner with 
the weakest lithospheric column now located right of the center at the base of the crustal 
27 
	  
	  
welt. The temperature at the base of the crust of this column (Tc) has decreased (~790° 
C). The thinned lithosphere now has an integrated strength at the weakest column of ~1.9 
TN/m. The strength at the weakest lithospheric column shows a slight weakening of the 
crust, a thinning of the ductile lower crust, and a strengthening of the upper mantle. 
 From times 10 to 15 m.y. (Figure 6C), the thin lithosphere extends in a diffuse 
manner and the weakest lithospheric column progressively shifts from the margins of the 
crustal welt towards the center of the crustal welt. The Tc slightly decreases in 
temperature (~780-740° C) and the integrated strength remains constant (~1.8 TN/m) but 
the weakness extends towards the margins of the crustal welt. The strength at the weakest 
lithospheric columns shows a slight weakening of the crust and more strengthening of the 
upper mantle due to cooling. 
 By 28 m.y. (Figure 6D), rupture occurs in the center of the crustal welt. The 
lithosphere now displays a focused mode of rifting with a cooler Tc (~650° C) and an 
integrated strength of ~.99 TN/m at the center of the welt in the crust. The strength 
profile at the weakest lithospheric column shows that the lower ductile crust has thinned 
out, and the upper mantle has weakened. 
 Overall, the wide, symmetric rifting style initially extends by diffuse deformation 
and then transitions to a focused weakening in the center of the model. As the Tc 
decreases and the lithosphere continually thins, the ductile lower crust flows in a diffuse, 
decoupled style. With continued crustal thinning, the upper mantle cools and initially 
strengthens then weakens at rupture, and the ductile crust thins out resulting in a final 
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focused mode of rifting. 
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Figure 6. Figure showing the evolution of the wide, symmetric rifting style identified in 
Figure 4. The evolution proceeds from initial to final conditions in terms of the thermal 
structure, the geotherm, the integrated strength profile, the lithospheric strength profile, 
and the strength profile at the weakest lithospheric column. The star on the integrated 
strength profile indicates the location of the weakest lithospheric column, and also where 
the geotherm and the strength at the weakest lithospheric column profiles are sampled. 
The Tci (and Tc) show the temperature at the base of the crust in the center of the crustal 
welt at the weakest lithospheric column. 
 
Example of Wide, Asymmetric Rifting Style 
Figure 7 shows an example of our modeled wide, asymmetric rifting style. At time 0 
m.y. (Figure 7A), the initially thin lithosphere has a hot thermal structure with a hotter 
Tci of ~870° C. The strength profile shows that the hotter lithosphere produces a weak 
lower crust and mantle with a ~22 km thick ductile lower crust in the welt. The integrated 
strength at the center of the crustal welt is ~2.7 TN/m, which is weaker than the wide, 
symmetric style of rifting. The strength profile at the weakest lithospheric column shows 
a crème-brulee strength model (Jackson, 2002; as cited in Burov and Watts, 2006) with a 
strong upper crust, a thick and ductile lower crust, and a very weak mantle. 
At times 10 to 20 m.y. (Figure 7B), the thinned lithosphere extends in a diffuse 
manner and the weakest lithospheric column progressively shifts from the margins 
towards the center of the crustal welt. As the crustal welt thins, the temperature at the 
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base of the crust (Tc) decreases (~820- 730° C) and the integrated strength drops to ~1.7 
TN/m across the crustal welt. The strength at the weakest lithospheric column shows a 
slight weakening of the upper crust, thinning of the ductile lower crust, and strengthening 
of the upper mantle.  
At times 20 to 25 m.y. (Figure 7C), the thinned lithosphere continues to extend in a 
diffuse manner and the weakest lithospheric column progressively shifts from the center 
of the crustal welt towards the margins of the crustal welt. The Tc does not show a 
significant decrease in temperature (~730- 690° C) and the integrated strength remains 
constant across the crustal welt. The strength at the weakest lithospheric columns shows 
the same strength in the upper crust, the ductile lower crust, and the upper mantle.  
 By 34 m.y. (Figure 7D), rupture occurs on the margin of the crustal welt. The 
lithosphere now displays a focused mode of rifting with a relatively cooler (but still hot) 
Tc (~670° C) and an integrated strength of ~.91 TN/m at the margin of the crustal welt. 
The strength at the weakest lithospheric column shows that the upper mantle and crust 
have both weakened, and the ductile lower crust has thinned. 
 Overall, the wide, asymmetric rifting style initially extends by diffuse 
deformation and then transitions to a focused thinning on the margins of the model. As 
the Tc decreases and the lithosphere continually extends, the ductile lower crust flows in 
a diffuse, decoupled style. With continued crustal thinning, the upper mantle cools and 
initially strengthens, then weakens at rupture. The warmer margins of the crustal 
welt (~670° C) cause the margins to become weaker than the center of the crustal welt. 
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As extension continues, thinning focuses on the margins of the crustal welt instead of the 
center. The result is a final focused mode of rifting on the margins of the crustal welt.     
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Figure 7. Figure showing the evolution of the wide, asymmetric rifting style identified in 
Figure 4. The evolution proceeds from initial to final conditions in terms of the thermal 
structure, the geotherm, the integrated strength profile, the lithospheric strength profile, 
and the strength profile at the weakest lithospheric column. The star on the integrated 
strength profile indicates the location of the weakest lithospheric column, and also where 
the geotherm and the strength at the weakest lithospheric column profiles are sampled. 
The Tci (and Tc) show the temperature at the base of the crust in the center of the crustal 
welt at the weakest lithospheric column. 
 
Key Points 
Our analysis of strength evolution shows that narrow rifting proceeds by failure of 
the central lithospheric column, which remains the weakest column of the lithosphere. 
For narrow modes of rifting, as the lithosphere thins and the asthenosphere upwells, the 
lithosphere thermally weakens due to thinning and the proximity of the hot asthenosphere 
(Buck et al., 1999; Kuznir and Park, 1987; as cited in Svartman Dias et al., 2015). For 
wide modes of rifting, we find that lithospheric thinning causes the upper mantle to 
initially strengthen due to cooling, and then weaken at rupture. We also find that colder 
lithospheric structures have a thinner ductile lower crust that leads to localized 
deformation, whereas hotter lithospheric structures have a decoupled crust and mantle 
that allow for lower crustal flow, cooling and strengthening of the upper mantle, and a 
wider mode of extension 
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Summary of Results 
The patterns we identify in the control of the initial thermal structure on the 
evolution of rifting styles show: 
1) Cooler initial basal crust temperatures (~<700° C) form narrow styles 
2) Higher (~>700° C) basal crust temperatures result in wider rifting styles 
3) Cooler initial basal crust temperatures (~<750°-800° C) result in symmetric 
rifting styles 
4) Higher basal crust temperatures (~>750° C) form asymmetric rifting styles 
Simulations with more asthenospheric contribution to basal crust temperatures 
evolve as weak, wider rifts, whereas simulations with more crustal contribution evolve as 
strong, less wide rifts.  
We identify three major styles of rifting; 1) Style 1 is narrow, 2) style 2 is wide, 
symmetric, and 3) style 3 is wide, asymmetric. The example of a narrow rifting style 
displays a constant, centralized location of necking, in which the middle column is 
always the weakest. The example of a wide, symmetric rifting style displays a transition 
from a diffused mode of weakening to a focused weakening in the center of the model. 
The example of a wide, asymmetric rifting style displays a transition from a diffused 
mode of weakening to a focused weakening on the margins of the model.  
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Model Uncertainties 
Our two-dimensional model presents a simplified version of a continental rift 
system and is not meant to simulate every possible parameter. Our model assumes a 
simple two-layer lithospheric rheology, a constant extensional velocity, and uniform 
crustal heat production. We also do not produce finer features such as faults or dikes. 
These minimal assumptions inherently present many uncertainties in relation to the real 
world. However, our goal was to create an overall model of continental rifting styles that 
develop based on initial thermal structure, not to capture the complexity of a specific 
extensional system. For the purpose of our study, simplicity and efficiency is preferred. 
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CHAPTER V 
COMPARISON OF MODEL RESULTS WITH RIFT SYSTEMS 
Examples of modeled rifting styles 
 Many end-member models exist for rift systems, however observed rift systems 
are often complicated and may deform by different styles along the length of the rift. 
Here we will briefly discuss global comparisons of continental rifts and other extensional 
systems to our key modeled rifting styles and a special case 
 
Narrow Style 
Narrow continental rifting styles have been globally identified in classic examples 
such as the Rhinegraben, the Gulf of Suez, the Northern Red Sea, the East African Rift, 
the Baikal Rift, and the Rio Grande Rift (Ebinger et al., 1989;	  Zorin, 1981;	  Morgan et al., 
1986; as cited in Buck 1991). For example, the Red Sea Rift is an example of the narrow 
rifting style. Ligi et al. [2011] conducted a study on the Red Sea Rift using aerial 
magnetic and seismic reflection data, geochemical analysis and mantle flow modeling. 
They theorized that focused asthenospheric upwelling in the Red Sea Rift was driven by 
contact with thick and cold lithosphere because of a strong horizontal thermal gradient. 
Their findings are consistent with our model results that predict narrow rifting in cold 
lithospheres.  
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Wide, Symmetric Style 
Examples of rifted margins with overall symmetry include the South China Sea, 
and the mid Norway margin (Brune et al., 2016; Péron-Pinvidic et al., 2013; as cited in 
Tetreault and Buiter, 2018. The South China Sea has wide margins and is a primarily 
symmetric passive margin (Brune et al., 2016). Rift-related sediments show evidence of 
rapid extension within the basin due to the very weak and warm thermal conditions of the 
crust (Clift and Lin, 2001; Franke et al., 2014; Clift et al., 2002; Lin et al., 2004; as cited 
in Brune et al., 2016). Seismic data indicates a possible initial crustal thickness of 33 km 
and a relatively thin initial lithospheric thickness of around 120 km (Nissen et al., 1995b; 
Artemieva, 2006; as cited in Brune et al., 2016). The geometry and associated warm 
thermal structure of the South China Sea is consistent with our model results that predict 
wide rifting in relatively warm lithosphere. 
 
Wide, Asymmetric Style 
Wide, Asymmetric extensional systems have been commonly identified in nature. 
Classic examples include the Aegean Sea, the West Antarctic Rift System, the Tasmania 
Divergence Zone, the Iberia-Newfoundland conjugates, and the Central South Atlantic 
(Hamilton, 1987; as cited in Buck, 1991; Huerta and Harry, 2007; Ring, 2014; Brune et 
al., 2016). 
The West Antarctic Rift System (WARS) originated with wide extension and 
transitioned to narrow rifting near the Victoria Land Basin (Busetti, 1999). This transition 
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from a wide to a narrow mode of extension would be associated with warm lithosphere, 
either from high crustal heat production and/or high heat flux from the asthenosphere. 
Recent tomographic results display low velocity zones beneath portions of the region, 
suggesting high asthenospheric heat flow (White-Gaynor et al., 2019). Our model results 
indicate the WARS is exemplified in our wide, asymmetric rifting style in which the 
margin cools and strengthens, producing coupling of the crust and mantle. 
 
Rift Jumping Style 
Tetreault and Buiter [2018] characterized the rift jumping style in their modeling 
study on the effects of extensional velocities on the evolution of passive margins. They 
find that the rift jumping style occurs with intermediate extension rates and thick ductile 
crustal layers, where the rift jumps between the margins of the region, re-creating strong 
isolated crustal blocks in the center. Our model of rifting styles may also show the rift 
jumping style as a subset of the wide, asymmetric style (Figure 8). We also utilize 
intermediate extension rates with a thick section of ductile crust, where the locus of 
weakness continuously shifts around a crustal block. Tetreault and Buiter [2018] suggest 
that this rifting style creates an isolated continental fragment similar to H-blocks found 
across the North Atlantic margins (Péron-Pinvidic and Manatschal, 2010, as cited in 
Tetreault and Buiter, 2018). Other than passive margins, it is difficult to identify 
continental rift systems exhibiting this type of rifting style.  
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Figure 8. Comparison of our potential rift jumping style found at a crustal contribution of 
420 C and an asthenospheric contribution of 390 C, to the rift jumping style of Tetreault 
and Buiter [2018]. 
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CHAPTER VI 
CONCLUSIONS 
The initial thermal structure of an incipient continental rift has a first order control 
on the evolving and final architecture of rift margins. This project examined the spatial 
and temporal evolution of continental rifts using finite element thermo-mechanical 
modeling. We recognize that the initial thermal structure predicts three major styles of 
rifting; 1) Narrow, 2) wide, symmetric, and 3) wide, asymmetric.  
We find that simulations with initially cold temperatures at the base of the crustal 
welt result in narrow rifts. Simulations with initially cool basal crust temperatures result 
in symmetric rift geometries, while simulations with initially higher basal crust 
temperatures deform asymmetrically. Simulations with more asthenospheric contribution 
to basal crust temperatures evolve as weak, wider rifts, whereas simulations with more 
crustal contribution evolve as weak, but less wide rifts.  
Our two-dimensional model presents a simplified version of a continental rift system 
and is not meant to simulate every possible parameter similar to modern studies. These 
minimal assumptions inherently present uncertainties in relation to the real world. 
However, our goal was to create an overall model of continental rifting styles that 
develop based on initial thermal structure, not to capture the complexity of a specific 
extensional system. We hope that our research serves as a useful, simple model to aid 
other researchers in easily identifying big-picture similarities, for “all models are wrong, 
but some models are useful”- George E.P. Box. 
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APPENDIXES 
APPENDIX A 
Initial Observations 
Initial, exploratory simulations captured the impact of varying crustal heat 
production rates from .25 to 1.75 µw/m3 Figure 7). Figure 7 shows a shift from a narrow 
rifting style to a wider rifting style as crustal heat production increases. As crustal heat 
production increases from 1.0 to ~1.5 µw/m3, the style transitions from symmetric to 
asymmetric. However, spreading velocity does not significantly impact rifting style and 
therefore was not used as a key parameter in later simulations. 
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Figure 9. Graph showing rifting style as a function of heat production versus spreading 
rate.  
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APPENDIX B 
Example of Rift Jumping Style 
Figure 10 shows an example of a variation of our wide, asymmetric rifting style 
similar to the rift jumping style identified by Tetreault and Buiter [2018]. The rift 
jumping style initiates with a diffuse mode of extension that leads to focusing along the 
margins of the crustal welt. This creates an isolated, strong crustal block in the center of 
the welt. The intermediate lithospheric thickness and very high crustal heat production 
results in a strong upper crust with a very weak lower crust and mantle. The initial 
strength profile is similar to a crème-brulee model. The center of the crustal welt cools 
and strengthens while the margins of the crustal welt become thermally weaker. Coupling 
develops on the margins of the crustal welt causing the focal point of weakening to jump 
between both margins of the crustal welt until focusing occurs on one side of the rift. 
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Figure 10. Figure showing the evolution of the rift jumping style identified by Tetreault 
and Buiter [2018]. The evolution proceeds from initial to final conditions in terms of the 
thermal structure, the geotherm, the integrated strength profile, the lithospheric strength 
profile, and the strength profile at the weakest lithospheric column. 
 
